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The rec  n t l y  developed magic angle/cross p o l a r i z a t i o n  Waugh-Pines 
techn iques ( l7  promise t o  s i g n i f i c a n t l y  advance the  s t a t e  o f  understanding o f  
t h e  s t a t i s t i c a l  s t r u c t u r e  of coa ls .  However, much work remains t o  be done i n  
the  area of d e t a i l e d  product  c h a r a c t e r i z a t i o n  be fo re  p r e d i c t a b l e  models o f  
coal  r e a c t i v i t y  can be const ructed.  Although t e t r a l i n  and othe donor systems 

t h e  f i r s t  t o  demonstrate t h a t  c e r t a i n  coa ls  can be rendered s o l u b l e  i n  
p y r i d i n e  i n  >90% convers ion i n  <5 min. 
t h e  e v o l u t i o n  o f  c o a b s t r u c t u r e  ove r  t ime  du r ing  r e d u c t i v e  the rmo lys i s  o f  
coal  has been made. 

Kaiparowi tz  coal a t  427°C i n  t e t r a l i n  a r e  examined by spect roscopic  (’3C, ?H, 
2H NMR, IR) molecular  weight  (ge l  permeation chromatography and vapor pressure 
osmometry) and elemental a n a l y s i s  and hydroxy l  group ana lys i s .  The use o f  1, 
1 - d i d e u t e r o t e t r a l i n  i n  con junc t i on  w i t h  2H NMR t o  mon i to r  t he  t i m e  dependence 
of i n t r o d u c t i o n  o f  deuter ium i n t o  a l i p h a t i c  and aromat ic  s t r u c t u r e s  i s  
presented. The t e t r a 1  i n - d e r i v e d  products  were monitored versus t ime  by g lpc  
t o  determine the  r e l a t i o n s h i p  between hydrogen uptake and coal p roduc t  y i e l d s .  

Reactions o f  Coal and T e t r a l i n  o r  1 , l - d i d e u t e r i o t e t r a l i n  

The procedure f o r  these sec t i ons  i s  s i m i l a r  t o  t h a t  of Neavel (2) :  
A 0.6 cm x 6.3 cm s t a i n l e s s  s t e e l  tube equipped w i t h  threaded caps was 
charged w i t h  0.15 g t e t r a l i n  and 0.25 g coal  o r  a 0.95 cm x 6.3 cm tube  was 
charged w i t h  1 g coal  and 2 g t e t r a l i n .  One o r  more tubes a t tached  t o  a com- 
pressed a i r  v i b r a t o r  were plunged i n t o  a mol ten l ead  ba th  mainta ined a t  a 
temperature which would compensate f o r  t h e  heat  uptake by the  r e a c t i o n  vessel 
and s t a b i l i z e d  as r a p i d l y  as p o s s i b l e  a t  427°C o r  500°C. 
were withdrawn f rom t h e  ba th  a t  va r ious  t imes f rom 2.5 min t o  2 h r  and 
quenched i n  water, t h e  contents  were washed o u t  w i t h  50 m l  o f  THF and f i l t e r -  
ed  through a 25 um m i l l i p o r e  f i l t e r .  
weighed. The THF so lub le  p o r t i o n s  were analyzed d i r e c t l y  by GPC i n  THF and 
t h e  e n t i r e  r e a c t i o n  m ix tu re  analyzed by gas chromatography (GLPC) t o  d e t e r -  
mine t e t r a l i n ,  naphthalene, methyl indane ea. The THF s o l u t i o n s  were 
concentrated t o  1-3 m l  and combined w i t h  1.50 m l  pentane. The r e s u l t i n g  
p r e c i p i t a t e  was repea ted ly  washed u n t i l  no t e t r a l i n  o r  naphthalene was de- 
t e c t a b l e  by GLPC o f  t h e  pentane wash. Th is  f r a c t i o n a t i o n  prov ides an ex- 
c e l l e n t  separat ion o f  coal  from so lven t -de r i ved  m a t e r i a l .  The pentane- 
i n s o l u b l e ,  THF-soluble f r a c t i o n s  were examined by vap 
elemental analys is ,  GPC, hydroxy l  group a n a l y s i s  and %, 2H and H FTNMR. 

have been u t i l i z e d  i n  numerous s tud ies ,  t h e  r e s u l t s  o f  Neavel(2 r were among 

Very l i t t l e  e f f o r t  t o  c h a r a c t e r i z e  

I n  t h i s  work t h e  products  f rom t h e  thermal d i s s o l u t i o n  o f  subbi tumino s 

The sample tubes 

The i n s o l u b l e  ma te r ia l  was d r i e d  and 

pressure psmometry, 

Resul ts  and Discuss ion 

As shown by F igu re  1, subbituminous Ka ipa row i t z  coal  i s  r a p i d l y  con- 
v e r t e d  t o  THF-soluble products  a t  427°C. 
s o l u b l e  products p l u s  gases i s  achieved a f t e r  approx imate ly  35 min w i t h  most 
(75%) o f  t he  u l t i m a t e  product  f o rm ing  w i t h i n  10 min. A c o r r e c t i o n  f o r  ash 
content  i n  t h e  res idues  would i nc rease  t h e  y i e l d s  by approx imate ly  8%. 
Vapor pressure osmometry o f  p y r i d i n e  s o l u t i o n s  o f  t h e  THF-soluble f r a c t i o n  

The u l t i m a t e  y i e l d  o f  80% o f  THF- 
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F I G U R E  1 .  Percent TMF-Soluble Product plus Gases from 427°C 
Reaction o f  Kaiparowitz Coal and Tet ra l in  
carbon rendered soluble a= l " / sec  heatup r a t e  

= Total 

A = 15"C/sec heatup r a t e  
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shows a drop in number average molecular weight from approximately 1200 a t  10 
min t o  about 500 a t  30 m i n  and longer with a s l i g h t  b u t  reproducible increase 
a f t e r  2 hr reaction. 
mixture i n  THF (including t e t r a l i n  and t e t r a l i n  derived products) shows the 
molecular s ize  behavior versus time (Figures 2 and 3 ) .  Consistent w i t h  the 
V P O  r e su l t s ,  the principal peak occurs a t  molecular weight 1000 (polystyrene 
and polyethylene glycol standards).  This peak decreases in s i ze  r e l a t i v e  t o  
major peaks a t  MW < 500 so t h a t  by 35 min, molecular weights less  than 500 
dominate weight diTtribution occur in the  f i r s t  15-20 m i n  of reaction. After 
35 m i n ,  the growth of the g. 300 MW peak occurs only very gradually. The vpo 
r e su l t s  show an increase in molecular weight from CA. 500 t o  600 between 1 and 
2 h r .  
lower molecular weight products occurs more rapidly than a t  427OC. 
ents with MW >10,000 a r e  not observed a t  500°C; however, even a f t e r  2 hr a t  
500°C there remains a substantial  f rac t ion  of material of molecular weight 
>1000. 

The conversion of a l ipha t i c  t o  aromatic s t ruc tu re  occurs throughout the 
reaction. 
and carbon versus time from in tegra ls  corrected f o r  solvent absorptions.  
carbon values a re  not quant i ta t ive ,  b u t  qua l i t a t ive ly  exhib i t  the same trend 
shown by the proton and deuterium da ta ,  w i t h  a decrease in Cali/Carom from 
0.9 t o  0.6 over a 2 h r  reaction. The IR spectra of successive THF-soluble 
f rac t ions  shows the expected growth in aromatic CH s t r e t ch  (3000-3100 cm-l) 
r e l a t ive  t o  a l ipha t i c  CH s t r e t ch  (2900-3000 cm-I), and a notable increase in 
aromatic CH out-of-plane b e n d i n g  motion (700-850 cm-1). 

respects except fo r  small chan es i n  aromatic/aliphatic in tegra ls .  The 
aromatic region of a typical 1% NMR spectrum (Figure 5) revealed a d i s t i n c t  
region of absorption a t  6 150-160 cons is ten t  w i t h  aryl e ther  and phenolic CO 
and a shoulder a t  110-120 ppm y i 1 of aromatic carbons adjacent t o  aromatic 
carbons bearing oxygen atoms. ( 5 - Q y s f  The aryl e ther  and phenolic absorption 
accounts f o r  l l % ,  l l % ,  7% and 8% of the  to ta l  aromatic integral  of 10, 35, 60 
and 120 min reactions,  respectively.  Since these a re  quaternary carbons with 
low o r  no NOES, these percentages represent l e s s  than half  of the actual per- 
centages of aromatic carbons possessing oxygen subs t i tuents .  Elemental anal- 
ys i s  of the THF-soluble f rac t ions  (Table 1 )  reveals a rapid i n i t i a l  drop in 
oxygen content from m. 17% i n  the coal t o  14% in the THF-soluble f r ac t ion .  
The %O about 2% over a 2 hr reaction time in the  THF-soluble f rac t ion .  The 
percent of oxygen in hydroxyl groups drops from CA. 30% t o  CA.15% over a 2 
hr. reaction time indicating the  incursion of dehydrocyclizzio type 
reactions,  consistent w i t h  the drop in aromatic CO observed by NMR. 

Table 1. Elemental Analyses of THF-Soluble Fractions and Coal from the 

Gel permeation chromatography of the e n t i r e  reaction 

A t  500°C the conversion o f  the  higher moleczar  weight cons t i tuents  t o  
Constitu- 

Figure 4 shows the r a t i o  of aliphatic/aromatic hydrogen, deuterium 
The 

13C NMR spectra f o r  10, 35, 60 and 120 m i n  reactions were s imi la r  i n  most 

Reaction of 500 mg Te t ra l in  and 250 mg Coal i n  0.65 x 6.3 cm 
Reaction Vessels a t  427°C 

Reaction Time, 
mi n I C  %H %O(di f f ) (a )  % ash %OH(b) - _  

Coal -- 71.0 5.19 1.1 0 .3  17.1da) 8.6 -- 
10 75.45 6.19 1 . 3  0.3 14.0 1.2 4.8 

THF-Sol uble 35 76.22 6.32 1.43 0.2 13.9 1.0 4.2 
Fractions 60 77.81 6.09 1.5 0.3 13.5 0.6 1.8 

120 79.49 6.01 1.7 0.12 13.3 0 .8  2 . 2  

( a )  

( b )  Hydroxyl uncertainty i s  + I % .  

Oxygen analyses by difference i n  the presence of large ash residues a re  
not re l iab le .  
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Hydrogen t r a n s f e r  du r ing  t h e  r e a c t i o n  i s  ve ry  r a p i d  du r ing  t h e  f i r s t  15 
min o f  r e a c t i o n  b u t  l e v e l s  o f f  and becomes s l u g g i s h  a f t e r  30 minutes, a f t e r  
t h e  l o w  energy processes o f  convers ion o f  coal  t o  preasphaltenes i s  succeeded 
by slower bond b reak ing  processes l ead ing  t o  asphaltenes. 

The ana lys i s  o f  t e t r a l i n ,  methyl indane, and naphtahalene by GLPC dur ing  
t h e  r e a c t i o n  revea led  t h a t  f o r  every s i x  carbon atoms i n  the  t o t a l  coa l ,  1.0, 
1.2, 1.7 and 2.4 hydrogen atoms a r e  t r a n s f e r r e d  f rom t e t r a l i n  a t  5.5, 10, 35 
and 60 minutes r e a c t i o n  t ime. 
increase i n  p roduc t  y i e l d  i s  much lower i n  t h e  i n i t i a l  5 min o f  r e a c t i o n  than 
a t  succeeding t imes. Th is  i s  c o n s i s t e n t  wi th t h e  break ing o f  fewer bonds 
per  weight o f  s o l v a t e d  m a t e r i a l  y i e l d i n g  r a d i c a l s  o r  i ons  which may a b s t r a c t  
hydrogen o r  hyd r ide  f r o  t e t r a l i n  du r ing  the e a r l y  stages o f  reac t i on .  

The 2H NMR r e s u l t s r 6 )  (F igu re  4) q u a l i t a t i v e l y  suppor t  t h e  concept o f  a 
r a p i d  i n i t i a l  d i s r u p t i o n  o f  a l i p h a t i c  s t r u c t u r e  i n  t h e  e a r l y  stages o f  con- 
vers ion o f  coal  t o  preasphal tenes.  About 55% o f  t h e  coal  i s  d i sso l ved  w i t h i n  
10 minutes, deuter ium i n c o r p o r a t i o n  o c c u r r i n g  much more r a p i d l y  a t  a1 i p h a t i c  
s i t e s .  

The 'H NMR r e s u l t s  revea l  t h a t  t h e  b u l k  o f  a l i p h a t i c  hydrogen occurs a t  
p o s i t i o n  B t o  a romat i c  r i n g s  (ArCHzCbCH3) and cyc lohexy l  o r  i n t e r n a l  
methylenes o f  normal p a r a f f i n s  ( 6  1-1.9) and a t  p o s i t i o n s  adjacent  (a) t o  
aromatic r i n g s  (ArC&CHzCH3)(6 1.9-3.2). A l i p h a t i c  hydro en i s  de tec tab le  i n  
modest amounts ass igned t o  d i a r y l  s u b s t i t u t e d  methylenes 4a2) ( 6  3.2 - 4) .  
As shown by Table 2, t h e  percent  o f  a and 02 hydrogen doubles f rom 2.5 t o  
35 min, cons i s ten t  wi.th a s i g n i f i c a n t  increase i n  aromat ic  s t r u c t u r e  du r ing  
t h e  react ion.  

Thus t h e  hydrogen uptake per incrementa l  
-- 

1 TABLE 2. D i s t r i b u t i o n s  o f  A l i p h a t i c  Hydrogen versus Time f rom H NMR 
I n t e g r a l s  o f  THF-Sol ub le  Products (427°C) i n  Pyr id ine-d5 

Chemical S h i f t  Ranges, 6(ppm) 
Reaction Time 

(min) 60-1 .o 61 .o-1.9 61.9-3.2 63.2-4.0 

2.5 18% 
10 13% 
35 10% 
60 9% 

55% 24% 3% 
48% 34% 5% 
38% 44% 7% 
45% 39% 8% 

Summary 

predominantly pheno l i c  aromat ic  o r  a r y l  e t h e r  s t r u c t u r e s  associated w i t h  
about an equ iva len t  amount o f  a l i p h a t i c  s t r u c t u r e  w i t h  molecular  weights  
t y p i c a l l y  aroung 1000, and as h i g h  as 30,000. The 1% NMR spec t ra  show the  
products t o  possess a wide v a r i e t y  o f  s t r u c t u r e s  i n  t h e  chemical s h i f t  reg ions 
of d i a r y l  and t r i a r y l  methanes and ethanes, c y c l i c  and a c y c l i c  sa tu ra ted  
hydrocarbons, w i t h  i n s i g n i f i c a n t  oxygenated a l i p h a t i c ,  carbonyl o r  qu ino ida l  
s t ruc tu re .  Oxygenat77 a l i p h a t i c s ,  i f  present ,  a r e  dest royed i n  t h e  f i r s t  
10 min o f  r e a c t i o n . .  The hydrogen t r a n s f e r  process occurs i n i t i a l l y  a t  
a l i  h a t i c  s i t e s  b u t  i s  s on inco rpo ra ted  i n  a romat i c  s t ruc tu re ,  as i n d i c a t e d  

aromatic s t r u c t u r e  d u r i n g  the  r e a c t i o n .  
reac t i ons  i s  r e f l e c t e d  i n  a gradual upswing o f  average molecular  vieeights 
beyond 1 h r  r e a c t i o n  t imes, as w e l l  as a small  b u t  d e f i n i t e  drop i n  hydroxy l  
group con ten t  i n  t h e  coa l  products. 

The d i s s o l u t i o n  o f  subbituminous coal  occurs v e r y  r a p i d l y  t o  produce 

by B H NMR r e s u l t s .  The ? H NMR r e s u l t s  con f i rm  t h e  gradual p roduc t i on  of 
The i n c u r s i o n  o f  condensation 
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FIGURE 2. GPC t r a c e  o f  t h e  THF so lu t i ons  
o f  products  f rom the  r e a c t i o n  o f  t e t r a l i n  
and coa l  a t  427°C f o r  va ry ing  per iods o f  
t ime.  T e t r a l i n  and t e t r a l i n - d e r i v e d  
products  appear a t  MW 130. 

FIGURE 3. GPC t r a c e  o f  t h e  THF so lu t i ons  
o f  products  f rom t h e  r e a c t i o n  o f  t e t r a l i n  
and coa l  a t  500°C f o r  va ry ing  per iods o f  
t ime.  
products  appear a t  MW 130. 

Tet ra1 i n  and t e t r a 1  i n -de r i ved  
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FIGURE A .  Aliphatic/Aromatic FTYMR Inteqral Ratios vs.Time 

for Reactions of Coal and Tetralin at 427'%. FTNHR 
spgctra were determined at 79.54 YHz(lH), 20.000 MHz 
( C) and 12.211 MHz (2H) with a Varian model FT-80 
mu1 tinuclear FT'IIIR spectrometer. 
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FIGURE 5. 13C FTNMR Spectrum of the Pentane-Insoluble, THF- 
Soluble Products from the reaction of Tetralin and 
Coal in TliF-d8 at 427°C for 1 hr. 
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